Abstract Glycosaminoglycans (GAG) play decisive roles in various cardio-vascular & cancer-associated processes. Changes in the expression of GAG fine structures, attributed to deregulation of their biosynthetic and catabolic enzymes, are hallmarks of vascular dysfunction and tumor progression. The wide spread role of GAG chains in blood clotting, wound healing and tumor biology has led to the development of modified GAG chains, GAG binding peptides and GAG based enzyme inhibitors as therapeutic agents. Xylosides, carrying hydrophobic aglycone, are known to induce GAG biosynthesis in various systems. Given the important roles of GAG chains in vascular and tumor biology, we envision that RGD-conjugated xylosides could be targeted to activated endothelial and cancer cells, which are known to express α v β 3 integrin, and thereby modulate the pathological processes. To accomplish this vision, xylose residue was conjugated to linear and cyclic RGD containing peptides using click chemistry. Our results demonstrate that RGD-conjugated xylosides are able to prime GAG chains in various cell types, and future studies are aimed toward evaluating potential utility of such xylosides in treating myocardial infarction as well as cancer-associated thrombotic complications.
Introduction
Proteoglycans (PG) consist of a core protein and one or more GAG chains. There are four major classes of sulfated GAG chains: heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate (DS) and keratan sulfate. GAG side chains of PGs play an important role in various cardiovascular functions including haemostasis and thrombosis [1] . HS chains that contain a specific pentasaccharide sequence function as an endogenous anticoagulant through inhibition of factor Xa by activating anti-thrombin III (ATIII) [2] [3] [4] . One of the main causes of myocardial infarction (MI), a devastating disease that kills several million people world-wide annually, is the formation of thrombi inside the coronary artery through platelet activation/aggregation. GAG side chains also play a major role in various cancer processes. Dramatic changes in the expression of biosynthetic and catabolic enzymes are attributed to alterations in GAG fine structures, which are suggested to affect tumor cell growth, invasion and metastasis [5, 6] . For example, heparanase, a β-endoglucuronidase which is over expressed in a variety of malignant tumors, cleaves HS chains into smaller biologically active oligosaccharides that promote cancer growth, angiogenesis, tumor-cell invasion and migration [7] [8] [9] . Melanoma associated CS and DS chains have been shown to stimulate tumor cell proliferation [10] , while these GAG chains have been shown to surprisingly suppress angiogenesis [11] .
Heparin, structurally similar to HS, has been in use as a major anticoagulant for seven decades because of its abundance, cost and potency. It is used as a blood thinner in surgical procedures and in tackling thrombotic complications associated with various cardiovascular and cerebrovascular dysfunctions. Heparin is also known to affect tumor biology in a variety of ways [11] [12] [13] . It decreases thrombin generation and fibrin formation, inhibits heparanase, modulates P-selectin-vascular wall interactions and adhesion. A chemically modified non-anticoagulant heparin-like molecule is shown to reduce metastasis by more than 50% [11] . In various clinical trials, low molecular weight heparin is shown to increase survival rate among patients with advanced malignancy.
Several animal derived GAGs and their derivatives have been in use as therapeutics to tackle thrombosis, MI and cancer. However, direct administration of these GAG chains faces the problem of molecular heterogeneity, possible contamination with pathogens or intentional chemical adulteration as evidenced in the latest tragic episode of heparin contamination [14, 15] . Furthermore, it is administered intravenously, which makes it is less attractive for those who require prolonged prophylactic treatment. An alternative approach would be the use of xylosides to induce endogenous GAG chain biosynthesis without a core protein at specific sites. Xylosides containing a hydrophobic aglycone can compete with endogenous core protein acceptor sites for assembly of GAG chains in the Golgi apparatus [16] [17] [18] [19] [20] [21] [22] . The hydrophobic aglycone helps xylosides pass through the membrane and hence increases priming activity/production of GAG chains and its oral bioavailability. Interestingly, the composition of primed GAG chains depends on the structure of the aglycone moiety [23] [24] [25] .
Arginine-glycine-aspartate (RGD) selectively binds to α v β 3 integrin, which is abundantly expressed on the surface of many tumor cell types and activated endothelial cells surrounding cancer and myocardial infarction. Linear and cyclic peptide sequences containing RGD motifs have been employed as targeting vectors for selective delivery of therapeutic and diagnostic agents by conjugating them to RGD sequences [26] [27] [28] [29] [30] . Moreover, RGD derivatives are also shown to interact selectively with the GPIIb/IIIa receptor and therefore inhibit platelet aggregation [31] . Therefore, RGD-conjugated xylosides are predicted to have a dual use as anticoagulants as well as anti-platelet agents in tackling thrombotic complications associated with MI, cancer and other disease conditions. Here, we describe the synthesis of RGD-conjugated xylosides using click-chemistry and report on their GAG priming activity in a variety of cellular systems.
Experimental section Materials
Chinese hamster ovary (CHO) cell line, pgsA-745, which is defective in xylosyl transferase, was obtained from American Type Culture Collection. The cell culture reagents for CHO cell line were obtained from HyClone. Bovine lung microvascular endothelial cell (BLMVEC) and Mouse breast cancer cells (4T1) were gifts from Dr Randall Dull and Dr David Bull, University of Utah, respectively. The cell culture reagents for BLMVEC and 4T1 (MCDB-131 complete) were obtained from Vec Technologies. Na 2 35 SO 4 was purchased from MP Biochemicals and Ultima-FloAP scintillation cocktail for flow scintillation analysis was obtained from PerkinElmer Life Sciences. All other chemicals and biochemicals were obtained from Sigma. Linear RGD peptide 4 was synthesized using peptide synthesizer available through core facilities at the University of Utah, and cyclic RGD peptide 7 was purchased from Peptides International Inc. The DEAE-Sepharose gel was purchased from Amersham Biosciences. The anionexchange chromatography column TSK-GEL DEAE-3SW (7.4 mm×7.5 cm, 10 μm particle size) and the size exclusion chromatography columns G3000SWXL (7.8 mm×30 cm) were obtained from Tosoh Bioscience.
General synthetic procedures
Anhydrous solvents were purchased and used directly or dried over standard drying agents and freshly distilled prior to use. Reactions were monitored by TLC on silica gel 60 F 254 with detection by Von's reagent. Intermediate compounds were purified by flash chromatography columns using silica gel 60 (230-400 mesh) and were run under pressure at 5-7 psi. Final products were purified by high performance liquid chromatography (HPLC) on reverse phase C18 column (VYDAC 2.2 cm×25 cm) with solvent A (25 mM formic acid in water) and solvent B (95% acetonitrile) at a flow rate of 5 ml/min in a linear gradient over 120 min starting with 0% B. All synthetic compounds were characterized by mercury 400 MHz spectrometry. The compounds were also confirmed for their final structures using a Finnigan LCQ mass spectrometry in either positive or negative ion mode.
2,3,4-Tri-O-Acetyl-β-D-xylopyranosyl azide (1): Trimethylsilyl azide (1.5 mmol) and SnCl 4 (0.5 mmol) were added dropwise to a stirred solution of fully acetylated xylose derivative (1 mmol) in dry CH 2 Cl 2 , and stirring was continued at room temperature. The progress of the reaction was checked by TLC, and after the completion of the reaction, the reaction mixture was then evaporated under vacuum to give a residue that was further purified by low pressure flash silica column chromatography to yield the compound 1 [32] .
(1 mmol) was dissolved in dry CH 2 Cl 2 (20 ml). The mixture was cooled at 0°C. Chloroacetic anhydride (1 mmol) was added to the solution, followed by triphenyl phosphine (1 mmol), and the reaction was continued overnight. After the reaction was complete, the solvent was removed using rotary evaporator under reduced pressure. The reaction mixture was extracted using ethyl acetate and water. The organic layer was washed with saturated brine solution and evaporated under vacuum to give a residue, which was purified by silica column chromatography to give the title compound 2 [33] .
(1 mmol) was taken in a 100 ml RB flask and dry DMF (20 ml) was added, followed by the addition of sodium azide (2 mmol). The reaction mixture was heated to 90°C under stirring. Progress of the reaction was monitored by TLC using ethyl acetate and hexane (1:1) as the eluant. After the reaction was complete, the reaction mixture was cooled and diluted with ethyl acetate. The organic layer was washed with water, dried over sodium sulfate and concentrated to obtain a syrupy materials that was further purified by silica flash column chromatography to give the title compound 3 [34] .
Propargylated cyclic RGD (8): Propiolic acid (10 mmol) was taken in a RB flask and dry DMF (20 ml) was added, followed by addition of hydroxybenzotriazole (5 mmol) and 1, 3-dispropylcarbodimide (5 mmol). The reaction mixture was stirred for 1 h before cyclic RGD (1 mmol) was added, and stirred for another hour. The reaction mixture was evaporated using a rotary evaporator under reduced pressure. The reaction mixture was purified by HPLC-reverse phase C18 column with solvent A (25 mM formic acid in water) and solvent B (95% acetonitrile) in a linear gradient starting with 0% B to give the pure compound 8.
Preparation of RGD-conjugated xylosides (5, 6 and 9): To a solution of alkyne group containing linear or cyclic RGD derivative (1 mmol) and xylosyl azide derivative (1 mmol) in DMF (8 ml) / water (2.6 ml) mixture, sodium ascorbate (0.8 mmol) was added, followed by Cu 2 SO 4 .5 H 2 0 (0.4 mmol) at room temperature and the mixture was stirred until the disappearance of the starting materials as indicated by TLC. At the end of the reaction, the reaction mixture was concentrated using the rotary evaporator under reduced pressure. The reaction mixture was purified by HPLC-reverse phase C18 column with solvent A (25 mM formic acid in water) and solvent B (95% acetonitrile) to give the final compounds, 5, 6 & 9. SO 4 was also added to each well as tracer. The 24-well plates were incubated at 37°C in a humidified incubator (5% CO 2 ) for 24 h.
Purification and quantitation of GAG chains: The entire contents of the wells were transferred to a microcentrifuge tube and subjected to centrifugation at 16000 x g for 5 min. The supernatant was transferred to a fresh tube and 0.016% Triton X-100 (1.5 volumes) was added. The diluted supernatant was loaded on a 0.2 ml DEAE-sepharose column pre-equilibrated with 2 ml of wash buffer (20 mM NaOAc, 0.1 M NaCl and 0.01% Triton X-100, pH 6.0) and the column was washed with 6 ml of wash buffer. The bound HS/CS was eluted using 1.2 ml of elution buffer (20 mM NaOAc and 1 M NaCl, pH 6.0). The priming activities of xylosides 5, 6 & 9 were evaluated by quantitating the 35 S-radioactivity incorporated in to the purified HS/CS chains by liquid scintillation counter.
Sulfate density analysis of GAG chains: The purified GAG chains were analyzed by HPLC coupled to an inline radiomatic detector. Xyloside primed GAG chains of equal quantity were diluted five-fold with HPLC solvent A (10 mM KH 2 PO 4 , pH 6.0, 0.2% CHAPS) for anion exchange chromatography analysis. The sample was loaded on a HPLC-DEAE column and eluted from the column with a linear gradient of 0.2 M-1 M NaCl over 80 min at a flow rate of 1 ml/min. The radioactive GAG chains were detected by radiometric flo-one A505A detector. The HPLC effluent was mixed with Ultima-Flo AP scintillation cocktail in a 2:1 ratio and detected in the flow scintillation analyzer.
Chain length analysis of GAG chains primed by RGDxylosides: The chain length of the GAG chains synthesized by various RGD-xyloside conjugates was determined by measuring migration time on a size exclusion column using a HPLC with inline radiodetector. The GAG chains were loaded on to two tandem G3000SW L X columns (Tosoh, 7.8 mm×30 cm) and analyzed with the aid of an inline radiodetector using phosphate buffer (100 mM KH 2 PO 4 , 100 mM NaCl, pH 6) as eluant. The average molecular weight was determined by measuring the migration time of the GAG chains in comparison to those of polystyrene sulfonate standards performed under similar conditions.
Results and discussion

Synthesis of RGD-xylosides
In recent years, there has been great interest in assembling a number of biologically active carbohydrate conjugates using click chemistry because of its mild reaction con- the GAG chains, fractionated on two tandem 3000 SW L X columns, were eluted with an isocratic gradient of phosphate buffer for 90 min at a flow rate of 0.5 ml/min as described in the experimental section. The elution profiles of the GAG chains primed at 100 μM (grey trace) and 300 μM (black trace) are shown. V o and V t represent void and total volume, respectively. These elution profiles are representative of two independent experiments ditions, the generation of regioselective molecules with high efficiency in water and compatibility with most functional groups in biological systems [35] [36] [37] . This bioconjugation approach relies on the Cu(I)-catalyzed orthogonal reaction of azide containing xylosyl scaffold with terminal alkyne containing RGD motifs in the presence of other reactive functional groups. Furthermore, this approach offers two advantages: a) the 1, 2, 3-triazole ring generated during the click-chemistry is a metabolically stable linker between xylose residue and RGD peptide; b) the triazole ring can facilitate hydrogen-bonding interactions resulting in favorable and productive biological effects.
Xylosyl azide 1 was converted into 3 by first converting the azide group into the chloroacetamide followed by the replacement of the chloride group with an azide as shown in Scheme 1. These two xylosyl derivatives, 1 & 3, contain reactive azide group for orthogonal coupling with RGD peptides containing terminal alkyne group in the subsequent steps. RGD peptides, 4 and 7, were purchased from commercial sources. These RGD peptides were coupled with propargyl amine using well established coupling procedure. In a similar manner, cyclic RGD peptide 7 containing side chain amine group was reacted with propargylic acid under similar conditions to obtain propargylated cyclic RGD peptide 8 in high yield as shown in Scheme 3. After preparing appropriate orthogonally functionalized RGD peptides and xylosides, we turned to assembling RGD-conjugated xylosides, 5, 6 and 9, using click-chemistry as described in Schemes 2 and 3. The final products were purified on reverse phase C18 column using HPLC as described in the experimental section. V t Fig. 3 a Anion exchange chromatography analysis of GAG chains produced by xyloside 9 in pgsA-745 cell lines: Purified GAG chains (grey trace for control cells and black trace for cells treated with 100 μM xyloside 9) were analyzed using HPLC-DEAE anion exchange chromatography using a linear gradient of 0.2 M to 1 M NaCl as an eluant over 80 min at a flow rate of 1 ml/min. b Size exclusion profiles of GAG chains produced by xyloside 9 in pgsA-745 cell line: GAG chains were fractionated using two 3000 SW L X SEC columns that were connected in tandem using an isocratic gradient of phosphate buffer for 90 min at a flow rate of 0.5 ml/min as described in the experimental section (grey trace for control cells and black trace for cells treated with 100 μM xyloside 9). V o and V t represent void and total volume, respectively. These elution profiles are representative of two independent experiments Fig. 4 a GAG chains, primed by xyloside 5 in endothelial cell line, were analyzed using anion exchange HPLC. The bound GAG chains were eluted with a linear gradient of 0.2 M to 1 M NaCl over 80 min at a flow rate of 1 ml/min. The radiodetector trace of the GAG chains isolated from control cells (grey trace) and cells treated with 100 μM xyloside (black trace) are shown. b GAG chains, primed by xyloside 5 in endothelial cell line, were analyzed using two SEC (3000 SW L X ) that were connected in tandem and were eluted with an isocratic gradient of phosphate buffer for 90 min at a flow rate of 0.5 ml/min as described in the experimental section. The elution profile of the GAG chains, primed by xyloside 5 at 100 μM (black trace; control as grey trace), is shown. V o and V t represent void and total volume, respectively. These elution profiles are representative of two independent experiments Priming activity of RGD-xylosides in CHO cells
The very first step in the biosynthesis of proteoglycans is the xylosylation of certain serine residues of the core protein [38] . Following xylosylation of the core protein, a tetrasaccharide linkage region, which serves as an acceptor site for elongation of GAG chains, is assembled [39] [40] [41] [42] . It has been known for over three decades that GAG chains can also be assembled on xylosides without a core protein provided xylosides carry hydrophobic aglycone [20, 22] . We have synthesized various click-xylosides with hydrophobic moiety and demonstrated their ability to induce GAG chains in a cellular system [23] . A mutant Chinese hamster ovary [CHO] cell line, pgsA-745, is a convenient cellular system for determining the priming activity of exogenously supplied RGD-conjugated xylosides, because this cell line lacks active xylosyltransferase enzyme and therefore does not make endogenous GAG chains [43] . Thus, it is easier to determine whether RGD-conjugated xylosides induce GAG chains using this cell line. RGDconjugated xylosides were screened in cell culture at various concentrations (10, 30, 100 and 300 μM). We found that the nature of linkage between xylose and RGD can affect the priming activity (Fig. 1) . The results from priming activity analysis suggest that RGD-xyloside 5 is a better GAG primer than RGD-xyloside 6 at 100 μM and 300 μM. Therefore, the GAG chains primed by xyloside 5 were further analyzed for their sulfation pattern by DEAEanion exchange HPLC column and for their molecular weights using size exclusion columns as outlined in the experimental section. It is interesting to note that the extent of sulfation of GAG chains primed by xylosides at 100 μM and 300 μM are nearly identical suggesting that these concentrations are optimal for GAG induction without challenging the Golgi machinery (Fig. 2) . Nevertheless, Xyloside 5 primed nearly three times more GAG chains at 300 μM compare to 100 μM in CHO cells. The chain length of GAG chains primed by xyloside 5 in CHO cells was determined by measuring migration time of GAG chains in comparison to those of polystyrene sulfonate standards performed under similar conditions on size exclusion analyses and suggests that GAG chains, primed by xyloside 5 in CHO cells, have an average molecular weight of 45 KDa at 100 μM and 19 KDa at 300 μM concentration.
Cyclic RGD peptides are shown to bind more selectively than their linear motifs to α v β 3 integrin expressing activated endothelial cells and cancer cell lines [28, 44, 45] . Therefore, we synthesized xyloside conjugated to cyclic-RGD peptide motif 8) using click-chemistry (Scheme 3). It is interesting to note that xyloside 9 primed GAG chains whose average molecular weight is higher than those primed by xyloside 5 in CHO cells. Xyloside 9 primed GAG chains migrated between 20-28 min in size exclusion column with average molecular weight of 67 KDa in comparison to those of polystyrene sulfonate standard (Fig. 3) . GAG chains primed by xylosides 5 and 9 were digested with heparin lyases I, II and III to determine HS/CS composition. It is interesting to note that xyloside 5 primed about 50% HS chains, whereas Xylsoide 9 primed about 25% HS chains. Xyloside 6, on the other hand, primed about 80% HS chains even though this scaffold has lower priming activity than Xyloside 5. 5 a GAG chains primed by xyloside 5 in cancer cell line were analyzed using anion exchange HPLC. The bound GAG chains were eluted with a linear salt gradient for 80 min as described in the experimental section. The radiodetector trace of the eluted GAG chains from control cells (grey trace) and cells treated with 100 μM xyloside (black trace) are shown. b GAG chains primed by xyloside 5 in 4T1 cell line were analyzed using SEC column as described in the experimental section, were eluted with an isocratic gradient of phosphate buffer for 90 min at a flow rate of 0.5 ml/min. The radiodetector traces of the eluted GAG chains, primed by xyloside 5 at 100 μM (black trace) and control cells (grey trace), are shown. These elution profiles shown here are representative of two independent experiments cancer cells, and therefore, RGD-conjugated xylosides are expected to be up taken by these cells. For these reasons, we chose to determine the priming activity of RGDconjugated xylosides in endothelial cells (BLMVEC) and mouse breast cancer cell line (4T1). The priming activity of RGD xylosides in endothelial cells and cancer cells are determined as described earlier for CHO cells. The xyloside 5 did prime on both endothelial cells and cancer cells (Figs. 4 and 5) . Xyloside 5 was able to induce GAG chains by 6-fold in endothelial cells and 3-fold in cancer cell line. Molecular weight of GAG chains primed by xyloside 5 was found to be~10 KDa in the endothelial cell and cancer cell line. It was disappointing to note that cyclic-RGD conjugated xyloside 9 was unable to prime GAG chains in either the endothelial cells or cancer cell line. It is possible that the cyclic-RGD motif may prevent the selective transport of xyloside to the Golgi machinery, where they prime GAG chains. Alternatively, cyclic motif may sterically interfere with biosynthetic enzymes preventing the priming of GAG chains by xyloside 9. For these reasons, we plan to make a library of cyclic-RGD motifs with variable distance between the xylose and the peptide with an aim to discover new scaffolds that prime GAG chains. In summary, we have successfully synthesized RGDconjugated xylosides that target cells displaying the α v β 3 integrin using click chemistry. These RGD-conjugated homing xylosides are able to prime GAG chains in various cellular systems indicating their likely applications in tackling MI, thrombosis and cancer associated vascular complications, where GAG chains are known to modulate various pathological processes. Future studies will focus on the synthesis of additional homing xylosides and evaluation of their pharmacokinetics and pharmacodynamics in various animal models.
